This is the first report of a natural ligand improving the copper-catalyzed homocouplings of (hetero)arylboronic acids. Various important synthetic biaryl intermediates in organic synthesis could be assembled via this method. To gain insight into this reaction, in situ React IR technology was used to confirm the effectivity of this catalyst system. This protocol could provide important biaryl compounds in high yields within a short time.
Introduction
Symmetrical biaryls are ubiquitous reagents in organic synthesis and play a significant role in the pharmaceutical and chemical industries because of their unique bioactivities and chemical properties. As depicted in Figure 1 , some natural symmetrical biaryl scaffolds have been discovered to display diverse biological activities, such as the antimicrobial agent Honokiol [1] and the hepatoprotective agent α-DDB [2] . The synthesis of symmetrical biaryl scaffolds mainly includes the use of metal-catalyzed homocoupling of aryl halides [3, 4] , boronic acids [5] , aryl Grignard reagents [6] , 1,2-diarylditellanes [7] , and arenediazonium salts [8] . A common method for the preparation of symmetrical biaryls depends on palladium catalysis in the presence of related ligands, bases, and solvents [9] . Valiente et al. reported the aerobic homocoupling of arylboronic acids catalyzed by Pd(II) complexes, but this method requires special Pd(II)@MOF species, which limits its large-scale use [10] . Demir et al. found that copper(II) acetate could mediate the homocoupling of arylboronic acids [11] . Yamamoto and coworkers reported that 1,10-phenanthroline could accelerated the copper-catalyzed homocouplings of arylboronic acids, but this method suffered from low yields for some electron-withdrawing functionalities and substrates [12] . Singh et al. reported the ruthenium-catalyzed homocoupling of arylboronic acid in water [13] . Cu II -β-Cyclodextrin was discovered to catalyze the homocoupling and cross-coupling reactions of arylboronic acids [14] , but the drawbacks of this method included a long reaction time and moderate yields.
2-O-Methyl-d-glucopyranose (2-OMG), a glucose analogue, is common in plants and contains multiple chirality centers; it was first reported as a promoter for copper catalyst. Herein we report on the development of conditions for the homocoupling of (hetero)arylboronic acids using a cheap and readily available copper catalyst with the assistance of 2-OMG. These reactions occurred at a mild temperature (40 • C), employing substituted arylboronic acids and inexpensive Cu(II) acetate, with high yields. This wide scope allows for the preparation of many symmetrical biaryls. To our delight, some substituted arylboronic acids also have good tolerance and moderate to high yields, and some coupling results could be preliminarily summarized that were advantageous for the preparation of symmetrical biaryls.
Yamamoto and coworkers reported that 1,10-phenanthroline could accelerated the copper-catalyzed homocouplings of arylboronic acids, but this method suffered from low yields for some electronwithdrawing functionalities and substrates [12] . Singh et al. reported the ruthenium-catalyzed homocoupling of arylboronic acid in water [13] . Cu II -β-Cyclodextrin was discovered to catalyze the homocoupling and cross-coupling reactions of arylboronic acids [14] , but the drawbacks of this method included a long reaction time and moderate yields. 
Results and Discussion
Our investigations began with the homocoupling of phenylboronic acid in the presence of copper salts, using 2-OMG as a ligand (Table 1) . A screen of copper salts revealed that no biphenyl was observed when the reaction was conducted at 40 • C for 1 h with CuI, CuO, or powdered Cu as the catalyst (entries 1-3). However, CuSO 4 slightly promoted the homocoupling reaction, and a lower yield of homocoupling products was observed 10% (entry 4). Replacing CuSO 4 with Cu(OAc) 2 offered an opportunity to implement a synthesis of symmetrical biaryls such as biphenyl directly from phenylboronic acid. Attempts to optimize the reaction through modification of the base proved unsuccessful, and we did not find any effects of bases on the reaction in terms of yield (entries 5-7). Practically, the coupling reaction could process smoothly without any assistance of bases, yielding biphenyl at 99% (entry 8). Different solvents including DMF, dioxane, H 2 O, and methanol were tested, with DMF being the most effective in the screening reaction (entries 9-11). Notably, the use of H 2 O was detrimental, as an unexpected byproduct phenol was obtained. Lowering the temperature to room temperature prolonged the reaction time without impacting the yield (entry 12). Control experiments (entry 13) confirmed that 2-OMG could indeed promote the Cu(OAc) 2 -catalyzed coupling reaction, forming biphenyl at a high yield within a short time at room temperature. However, under basic conditions in the absence of 2-OMG, the desired product was obtained at a 58% yield. The loading catalyst investigation showed that the 5% loading catalyst needed longer reaction time, but did not impact the yield compared to a 10% loading catalyst (entry 14). Further increasing it to a 15% loading did not significantly accelerate the reaction (entry 15). The scalability of this protocol was tested through the synthesis of biphenyl 2a on a 10-fold scale. In this case, the catalyst loading was lowered to 5 mol % and the desired biphenyl was obtained at 98% isolated yield (entry 16).
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The mechanism of the homocoupling was analogous to the catalytic cycle with previous report [11, 15] , a plausible reaction pathway was proposed as shown in Scheme 2. The reaction was initiated by the coordination of the oxygen atoms from MGlu to the copper center, forming a catalytically active complex. Then, double transmetallation of Cu II with two molecules of (hetero)arylboronic acids afforded Ar-Cu(II)-Ar, which undergoes oxidation by air to yield a Cu III intermediate, the reductive elimination of which released the homocoupled product Ar-Ar. Scheme 1. Attempted cross-coupling of phenol or aniline with phenylboronic acid.
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The mechanism of the homocoupling was analogous to the catalytic cycle with previous report [11, 15] , a plausible reaction pathway was proposed as shown in Scheme 2. The reaction was initiated by the coordination of the oxygen atoms from MGlu to the copper center, forming a catalytically active complex. Then, double transmetallation of Cu II with two molecules of (hetero)arylboronic acids afforded Ar-Cu(II)-Ar, which undergoes oxidation by air to yield a Cu III intermediate, the reductive elimination of which released the homocoupled product Ar-Ar.
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Materials and Methods
All of the starting materials, reagents, and solvents are commercially available and were used without further purification. Melting points were determined with an X-4 apparatus and were uncorrected (Beijing Taike Instrument Co., Ltd, Beijing, China). The nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 400 MHz spectrometer (Bruker Technology Co., Ltd., Karlsruhe, Germany) in CDCl3 or DMSO-d6 using tetramethylsilane (TMS) as an internal standard. Electrospray ionization mass spectrometry (MS (ESI)) analyses were recorded in an Agilent 1100 Series MSD Trap SL (Santa Clara, CA, USA). The reactions were monitored by thin-layer chromatography (TLC: HG/T2354-92, GF254), and compounds were visualized with UV light.
React IR Experiment
React IR experiments were conducted using a Mettler Toledo ReactIR 15 with MCT detector (Mettler Toledo International Trading Co., Ltd., Zurich, Switzerland) using HappGenzel; DiComp (Diamond) probe connected via AgX × 9.5 mm × 1.5 m fiber (silver halide). iC IR 4.3 reaction analysis software (Mettler Toledo International Trading Co., Ltd., Zurich, Switzerland.) was used during data collection and analysis.
To a 50 mL, three-neck flask equipped with a magnetic stirrer was inserted the ReactIR 15 DiComp probe. IR spectra were obtained every 15 s. Data collection began at the start of the experiment. To a solution of 4-methoxyphenylboronic acid (0.40 g, 2.63 mmol) in DMF (5 mL) and at room temperature was added 2-OMG (102 mg, 0.53 mmol) and Cu(OAc)2 (48 mg, 0.26 mmol). The resulting solution was gradually heated to 40 °C and stirred for 60 min. The workup was consistent with the general procedure for catalytic experiments.
General Procedure for Catalytic Experiments
To a solution of (hetero)arylboronic acids (2.63 mmol), and 2-OMG (20 mol %) in DMF (5 mL) was added Cu(OAc)2 (10 mol %) in air. The mixture was heated to 40 °C with stirring for the indicated time. The reactor was cooled to room temperature, and the reaction mixture was poured into water Scheme 2. Plausible mechanism for the homocoupling of arylboronic acid.
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